Increasing carbon dioxide accumulation in earth's atmosphere and the depletion of fossil resources pose huge challenges for our society and, in particular, for all stakeholders in the transportation sector. The Cluster of Excellence 'Tailor-Made Fuels from Biomass' at RWTH Aachen University establishes innovative and sustainable processes for the conversion of whole plants into molecularly well-defined fuels exhibiting tailored properties for low-temperature combustion engine processes, enabling high efficiency and low pollutant emissions. The concept of fuel design, that is, considering fuel's molecular structure to be a design degree of freedom, aims for the simultaneous optimisation of fuel production and combustion systems. In the present contribution, three examples of tailor-made biofuels are presented. For spark ignition engines, both 2-methylfuran and 2-butanone show increased knock resistance compared to RON95 gasoline, thus enabling a higher compression ratio and an efficiency gain of up to 20% at full-load operation. Moreover, both fuels comprise a good mixture formation superior to the one of ethanol, especially under difficult boundary conditions. For compression ignition engines, 1-octanol enables a remarkable reduction in engine-out soot emissions compared to standard diesel fuel due to the high oxygen content and lower reactivity. This advantage is achieved without sacrificing the high indicated efficiency and low NO X emissions.
Introduction
The energy supply situation for individual mobility and automotive cargo transportation is expected to change drastically, primarily due to the need to reduce carbon dioxide emissions resulting from the combustion of fossil fuels. While internal combustion engines running on gasoline and diesel dominate the market currently, an increase in the diversification of fuels and powertrains is projected for the transportation sector. 1 Liquid fuels based on renewable raw materials (biofuels) hold the promise of closing the carbon cycle. They can be stored, handled and moved around easily and exhibit a high energy density. Moreover, worldwide infrastructure for liquid fuel distribution exists, and advanced internal combustion engines combine high efficiency and low emissions of pollutants.
The shift from fossil fuels to renewable feedstock offers the opportunity to redesign the entire value chain and to fully unlock the potential of future engine concepts. To this end, the molecular structure of fuel is considered a design degree of freedom in the simultaneous optimisation of engine performance and sustainability of production. From the combustion point of view, the ideal properties of a biofuel will probably differ considerably from those of current conventional fuels and first-generation biofuels.
One motivation for the Cluster of Excellence (CoE) 'Tailor-Made Fuels from Biomass' (TMFB) at RWTH Aachen University is to unravel the complex 1 relationships between fuel molecular structure and engine performance. The present contribution will give a brief overview of the fuel design process, as applied within TMFB, followed by examples of tailor-made fuels for spark ignition (SI) and compression ignition (CI) engines. The focus of this publication is to investigate the influence of pure fuel molecules on combustion behaviour by avoiding cross influences of the base fuel (gasoline or diesel). Investigations on blends with identified biofuels will be conducted in the next section.
Fuel design
The vision of TMFB fuel design is the joint modelbased description and optimisation of liquid fuel production in bio-refineries and energy conversion in internal combustion engines (cf. Figure 1) . 2, 3 Selective bioand chemo-catalytic process steps aim for an energyand carbon-efficient conversion of lignocellulosic biomass into molecularly well-defined fuel compounds. Generally, preservation of nature's synthetic power to the extent possible is envisaged to minimise the number of process steps in the transformation process (cf. Figure 2) . 2, [4] [5] [6] Because the biomass feedstock is generally rich in oxygen, the focus lies on medium-sized oxygenated hydrocarbons constituting promising fuel compounds. Oxygenates have been found to significantly reduce CI engine-out soot emissions 7 and are currently routinely blended into gasoline to increase its octane rating.
Examples for the selective catalytic transformation of bio-derived platform molecules into fuel candidates have been previously reported by TMFB researchers. 8 Di-n-butylether (DnBE) and 2-methyltetrahydrofuran (2-MTHF) have been studied extensively in the CI engine. Both oxygenated fuels burn almost soot-and NO X -free in an optimised engine configuration. 7 More recently, TMFB researchers discovered a bio-based synthesis route towards C8 and C9 alcohols. 9 This has triggered the investigation of 1-octanol as a prototype for a long-chained alcoholic biofuel in diesel combustion due to its promising derived cetane number (DCN) of 33.1. The TMFB fuel design process describes a holistic framework evolving around different tools and methods for computational and fundamental experimental identification and the investigation of biofuel candidates. Hechinger 10 has identified 2-butanone as a promising advanced biofuel for SI engines by means of a computational approach to fuel design. This compound serves as an example to illustrate the still evolving TMFB fuel design framework (cf. Figure 3) . 10 Starting from a set of desired fuel properties, an exhaustive computational search of the molecular space comprising all mathematically feasible C X H Y O Z structures containing 1-8 carbon atoms was performed. The generation of molecular graphs was restricted only by the valence rules. Consequently, ;168.8 million structures had to be sequentially reduced to identify a small set of most promising molecular entities for further investigation. A first reduction could be achieved by excluding infeasible substructures and molecular patterns, which were difficult to obtain from the selective chemo-catalytic transformation of biomass monomers. 10 Subsequently, the remaining ;12.4 million molecular structures were screened in silico for oxygenated biofuel candidates with the help of tailored quantitative structureproperty relationships (QSPRs; cf. Figure 3) . 10, 11 The final 279 candidates were categorised into acyclic ethers, ketones, aldehydes, alcohols and furan derivatives (cf. Figure 3) , where unsaturated and branched molecules constitute the majority. 10 Due to favourable boiling characteristics, ketones were chosen for further investigation, despite the limited experience regarding their auto-ignition quality and knock resistance. Rapid screening in an Ignition Quality Testerä (ASTM D6890) revealed remarkably low auto-ignition capabilities for 2-butanone (DCN \ 5), methyl isobutyl ketone (DCN 12.6), diisopropyl ketone (DCN 16.6) and methyl isopropyl ketone (DCN \ 5). Subsequent octane number determination yielded exceptionally high research octane number (RON 117) and motor octane number (MON 107) for 2-butanone.
Model-based fuel identification and rapid experimental screening were augmented with a variety of experimental facilities used to unravel the relationships between the molecular structure and key fuel properties such as auto-ignition and lubricity (cf. Figure 3) . Reaction network flux analysis (RNFA), an optimisation-based methodology for the rapid evaluation of competing reaction pathways, allowed for comparing the economic and ecological potentials of the investigated molecules. 12 The most promising biofuel candidates were forwarded to engine experimentation and optimisation, as well as conceptual process design and life-cycle assessment, to acquire detailed Figure 3 . Example of the TMFB fuel design process: identification of 2-butanone as a prototype for a ketonic biofuel.
information on the performance of combustion and production systems.
TMFB for highly boosted SI engines
2-Methylfuran and 2-butanone were investigated as pure-compound biofuels in a highly boosted SI engine. Ethanol is known as an excellent biofuel for gasoline engines, especially at high engine loads, due to its high knock resistance and high heat of vaporisation. These characteristics enable high efficiency improvements compared to RON95 gasoline fuel. [13] [14] [15] [16] Therefore, ethanol is defined as the benchmark biofuel for SI engines. As a second benchmark, RON95 (EN228, EN51626-1) gasoline was chosen to represent today's most commonly used conventional fuel for SI engines in the European market. Table 1 summarises the most relevant properties of the investigated fuels. Compared to conventional gasoline, the oxygen mass fraction of the alternative fuels corresponds to a reduction of the mass-specific heating value by 36% for ethanol, 28% for 2-methylfuran and 25% for 2-butanone. For the volume-specific heating value, this trend between the three biofuels is slightly changed, as the reduction of the oxygen content is accompanied by an increase in the density. However, the density of conventional gasoline is lower than that of the biofuels. This results in a reduction of the volume-specific heating value for ethanol by 32%, for 2-methylfuran by 11% and for 2-butanone by 18% compared to EN228 gasoline. Due to the high oxygen content, the RON and MON of all three biofuels were determined according to DIN51756-7. 2-Butanone exhibits the highest RON of all investigated fuels (cf. Table 1 ). The octane rating of 2-methylfuran is lower than the RON of the other two investigated biofuels. However, it is still five units higher than the RON of conventional gasoline. The high enthalpy of vaporisation of ethanol leads to a charge cooling effect, which is beneficial at high engine loads, thereby reducing the knock tendency in a direct injection engine even further than that depicted by the RON. However, drawbacks arise from the high enthalpy of vaporisation regarding engine start-ability at low ambient temperatures. In combination with low vapour pressure and increased fuel demand, the high charge cooling results in a deterioration of mixture formation due to the low stoichiometric air requirement. 13 In contrast to ethanol, 2-methylfuran and 2-butanone exhibit latent enthalpies of vaporisations closer to that of gasoline and higher vapour pressures. 13, 14 Consequently, better mixture formation, especially under difficult conditions such as cold starts, is expected for these fuels.
In addition to the enthalpy of vaporisation, the boiling temperature is important for the operation of SI engines. In previous investigations presented by Thewes et al., 15 the requirement of a boiling temperature of \ 100°C was stated to enable degassing of fuel from the lube-oil in the oil pan once the engine oil has reached its typical operating temperature of 90°C-100°C. This criterion is fulfilled for all three investigated biofuels.
Experimental set-up and test conditions
The experimental testing was conducted on a homogeneously operated, direct injection, SI single-cylinder research engine, known from previous publications. 15, 23 Because both ketones and furans are known for their solvent characteristics, investigations on different seal materials were conducted. 24 These investigations revealed increased swelling in the case of ethylene propylene diene monomer (EPDM) rubber, fluoroelastomer (FKM) and nitrile butadiene rubber (NBR) for both 2-butanone and 2-methylfuran. Thus, polytetrafluoroethylene (PTFE) or perfluoro-elastomer (FFKM) sealing was used instead in the fuel supply system because no swelling was observed in combination with both fuels. The engine features high peak pressure capability, external boosting up to 0.35 MPa and a realisation of variable compression ratios by different piston designs. In Table 2 , the technical data of the test engine are summarised. A high tumble configuration with an integrated tumble number of 3.68 and symmetrical port geometry was chosen. The spark plug and injector were placed in a central cross position, with the injector installed between the intake valves and the spark plug between the exhaust valves. The injector has an inclination of 6°and the spark plug of 11.5°.
Two different injectors were used:
1. An outward-opening injector with a nominal spray cone angle of 90°6 3°and a maximum needle lift of ;30 mm, which is directly induced by a piezo stack; 2. A six-hole solenoid actuated injector with an optimised spray pattern with a focus on low liner penetration.
For the thermodynamic measurements, the cylinder pressure was measured with two Kistler A6043 A100 pressure transducers flush-mounted in the combustion chamber roof between each intake and exhaust valve seat ring. Sampling was performed via Kistler 5011 charge amplifiers and a FEV combustion analysis system (FEVIS) at a resolution of 0.1°crank angle (CA). Dynamic intake and exhaust gas pressures were measured with Kistler 4045 A5 pressure transducers and sampled at a resolution of 1°CA. In total, 200 consecutive cycles were measured. Measurements of static pressures and temperatures were performed with conventional pressure transducers and thermocouples during an averaging interval of 30 s. Oil and water conditioning systems allowed for steady-state operations. The intake air was conditioned to 25°C downstream of the electronically controlled throttle flap. The pressure upstream of the throttle flap and in the exhaust manifold was controlled to 101.3 kPa during throttled operation. For charged operation, the pressure in the exhaust system was set equal to the pressure in the intake manifold. The engine was coupled to an eddycurrent brake and an electric dynamometer to maintain the desired engine speed with an accuracy of 61 1/min, regardless of the engine load. For the results presented in Figure 4 , the intake air mass flow was measured with a hot-film air mass meter. Fuel consumption was calculated via the air mass flow. The relative air/fuel ratio (AFR; l) of the exhaust gas was derived according to the formula of Spindt. 25 For the results presented in Figures 5 and 6 , the intake air mass flow was measured with an ultrasonic air mass meter, whereas the fuel consumption was measured via Coriolis-type mass flow sensors. The exhaust measurement used was identical to the one described in Thewes et al. 14 The gaseous exhaust gas composition was determined from a partial mass flow of exhaust gases, which was sampled 60 cm downstream of the cylinder head flange. The exhaust gas sample was fed to the following emission analysers Particle emissions were measured downstream of the exhaust gas pressure control flap at a pressure level controlled to 101.3 kPa using a smokemeter (AVL 415s). For the determination of the particle number (PN) within the range from 22 to 523 nm, an engine exhaust particle sampler (EEPS ä by TSI) was utilised in combination with the rotating disk thermodiluter 379020A and 379030 thermal conditioner. The raw exhaust gas was sampled downstream of the back pressure valves, with the connecting line of the exhaust track and diluter head being as short as possible. The diluter head temperature was set to 150°C. Within the thermal conditioner, the evaporation tubes were heated up to 350°C.
Experimental results and discussion
The achievable thermal efficiency of a gasoline engine predominantly depends on the compression ratio, which in turn is limited by the knock resistance of the fuel. For operation with RON95 E5 gasoline, a compression ratio (r C ) of 8.5 was used. The high auto-ignition resistance of ethanol and 2-methylfuran allowed for increasing the compression ratio (r C ) to 13.5. A point of 50% mass fraction burned (MFB 50) at or close to the optimum of a 7°-8°CA after top dead centre (ATDC) indicates a high knock resistance and hence the highest possible engine efficiency. Therefore, the spark timing (ST) was set according to an optimal MFB 50 in case there was no knock restriction for the investigations presented in Figures 4 and 5 . The knock resistance in terms of MFB 50 is presented in Figure 4 for 2-methylfuran, as well as for the two reference fuels at an engine speed of n = 2000 1/min at selected load points. At a load of 0.9 MPa indicated mean effective pressure (IMEP), at which RON95 E5 gasoline is not yet knock-restricted, the efficiency can be increased by ;7.5% in the case of 2-methylfuran and ;9% in the case of ethanol. This efficiency benefit is mainly provided by the increased compression ratio and the better charge cooling, which is due to the higher heat of vaporisation. At a load of 1.8 MPa IMEP, 2-methylfuran is knock-restricted. Thus, a retardation of the combustion becomes necessary. Although a higher compression ratio was chosen, the higher knock resistance of ethanol and 2-methylfuran led to reduced combustion phasing at increased loads. Thus, a further compression ratio increase is possible for ethanol, as well as for 2-methylfuran. An efficiency gain at the highest load point of up to ;18% for 2-methylfuran compared to RON95 E5 gasoline was achieved. Ethanol allowed for an efficiency gain of ;21%. The highest average peak pressures were measured for ethanol, as the combustion retardation accompanied the reduced peak pressures. Slightly lower combustion durations were measured for 2-methylfuran compared to ethanol. The lower combustion duration of RON95 E5 gasoline resulted from the different piston geometries due to the different compression ratios compared to ethanol and 2-methylfuran. The strong retardation of the combustion for operation with RON95 E5 gasoline led to a decrease in the combustion stability, indicated by an increase in IMEP standard deviation. However, compared to ethanol, at 2.4 MPa IMEP, only a minor increase in the IMEP standard deviation was present due to the rather moderate combustion phasing.
In the next step, the high-load performance of 2-butanone was evaluated in comparison to ethanol, which showed the highest knock resistance in prior investigations. The boundary conditions and load points were the same as before. For both fuels, a compression ratio of 13.5 was applied. In contrast to the previously used outward-opening piezo injector, a sixhole solenoid injector was installed. In Figure 5 , the results of these investigations are depicted. Due to the optimised spray layout, no knocking could be observed for ethanol -not even at the highest loads. This is contrary to the previous investigations with the outwardopening piezo injector. Similarly, for 2-butanone, no combustion phasing retardation was necessary. The RON of 2-butanone compensated for the lower charge cooling effect. This resulted in nearly identical efficiencies for both fuels. The combination of a high compression ratio and an optimal MFB 50 of ;8°CA ATDC enabled efficiencies of up to 42%, even at high loads, allowing for higher compression ratios also in the case of 2-butanone. The slight advantages for ethanol can be explained by lower heat transfer losses due to a cooler cylinder charge. Nearly identical combustion durations and peak cylinder pressures were measured for both fuels, considering the same combustion centre. An advantage for 2-butanone can be seen for the combustion stability at high loads, as the IMEP standard deviation is lower compared to ethanol at an IMEP of 2.4 MPa.
In addition to the load sweeps at 2000 1/min, investigations at the catalyst heating point were conducted to evaluate the mixture formation of different biofuels under difficult boundary conditions. The engine test results of these measurements are shown in Figure 6 . For all investigated fuels at this load point, the compression ratio was set to 13.5 and a six-hole solenoid injector was installed. The ST was set to 25°CA ATDC. The temperature of the engine fluids was reduced to 40°C for engine oil and to 30°C for coolant water. The combustion duration was calculated using a 'Three Pressure Analysis' (TPA) in the one-dimensional (1D) simulation tool GT-Power.
In the case of 2-methylfuran, the short combustion duration resulted in good combustion stability, as indicated by the low standard deviation. For ethanol, 2-butanone and RON95 E10 gasoline, a nearly equal cyclic variation was measured. The fast combustion of 2-methylfuran also led to increased efficiency. For ethanol, a decreased efficiency compared to 2-butanone was measured. This can be explained by higher oil dilution present during operation with ethanol. The fuel insertion into the lubricating oil was calculated from the deviation of the AFR, which is derived from the exhaust gas composition via the Spindt formula 25 and the AFR determined by the measured mass flows of air and fuel. Most likely, here, the high enthalpy of vaporisation of ethanol led to a deterioration of mixture formation, resulting in increased liner penetration and thus higher oil dilution compared to the other investigated fuels. The low levels of oil dilution in the cases of 2-methylfuran and 2-butanone indicate lower liner penetration and therefore better mixture formation compared to those in the case of ethanol. Strongly reduced particulate matter (PM) emissions compared to RON95 E10 gasoline were present for all three biofuels.
TMFB for clean diesel-type combustion
Since the start of the CoE, a variety of possible fuel candidates for diesel-type combustion have been identified and investigated. In particular, oxygenated compounds (e.g. furans and alcohols) are favourable in terms of the PM/NO X trade-off, which is often referred to as the 'Diesel-dilemma'. 7, 26, 27 The combination of a high oxygen content of the fuel candidates and low ignitability might cause lower equivalence ratios at the start of combustion and thus lower soot emissions at an equal NO X level compared to fossil fuels. Due to the reduced reactivity of 1-octanol in combination with the boiling point at the lower end of the diesel distillation curve and the higher oxygen content of ;12.3% m/m, 1-octanol appears to be a promising candidate for combustion in CI engines. The characteristics that are important for CI operation are summarised in Table 3 . In the following, the utilisation of pure 1-octanol, with EN590 diesel fuel as a reference, will be discussed for several engine load points.
Experimental set-up and test conditions
The single-cylinder diesel research engine (SCE) used for the tests was equipped with fuel injection equipment (FIE) by Bosch that was a near to series production and featured injection pressures up to 220 MPa. The layout of the combustion chamber geometry shows a conventional recess shape, which was further optimised together with the nozzle geometry (eight holes) to achieve the best possible air utilisation. The combustion system reached a specific output of 80 kW/L at a maximum peak firing pressure of 19 MPa. Additional information on the SCE can be found in various publications. 28, 29 Table 4 summarises the main specifications of the engine. Tests were carried out at several partload points, as well as full-load operation. The engine calibration, with regard to boost pressure, injection pressure and centre of combustion (MFB 50), was optimised in previous studies with EN590 diesel (see Table 4 ). 29 To ensure comparability between the fuels, all parameters were kept constant with 1-octanol used as fuel as well. However, the start of energising the injector was adjusted depending on the fuel to keep the centre of combustion (MFB 50) constant (Table 5) . Engine tests were carried out without any pilot injection. At full load, power was limited by the maximum cylinder pressure, the filter smoke number (FSN) and the exhaust gas temperature. The restrictions are given in Table 6 . The set-up of the measurement system differs only in minor details from the one used for the gasoline single cylinder. Therefore, the reader is referred to that section above.
Experimental results and discussion
In Figure 7 , the results of all five part-load points at the EU-6 NO X level for both EN590 diesel and 1-octanol are shown. The upper left graph depicts the smoke emissions. The typical trend of higher PM emissions with increasing load can be observed for diesel. In contrast, PM emissions with 1-octanol can be determined at the highest load point only. At this high engine load, the PM emissions with 1-octanol were reduced by approximately 90% compared to diesel operation, with both meeting the EU-6 NO X level at engine-out. Thus, the higher oxygen content and prolonged ignition delay contributed to a significant reduction in PM emissions and allowed for an almost soot-free diesel combustion.
However, the higher degree of homogenisation is a drawback at low-load operation in terms of increased emissions of hydrocarbons (HC) and carbon monoxide oppe et al.
(CO). The longer ignition delay caused over-mixing and flame quenching. Because the temperatures were generally low at low loads (LP1-LP3), unburned HCs and CO could not be post-oxidised, for example, during the exhaust stroke. The combustion sound level (CSL), which is mainly driven by the rate of heat release, was up to 3.5 dB higher for 1-octanol compared to the reference fuel EN590 diesel. This was also caused by the increased ignition delay because the share of diffusive combustion was reduced in favour of a more premixed combustion. Because the MFB 50 was kept constant for diesel and 1-octanol, the indicated efficiencies were rather similar, as shown in the lower left graph of Figure 7 . In LP1, the reduced efficiency with 1-octanol might be explained by higher losses due to incomplete combustion, whereas at high loads (LP4 and LP5), the rapid combustion caused higher temperatures and, consequently, higher heat losses. In the lower right graph, the standard deviation in IMEP is given for both fuels. It is notable that even though 1-octanol has a DCN of only 33.1, the combustion stability of 1-octanol was comparable to diesel over the entire load range. The findings at full-load operation are given in Figure 8 . As shown by the upper left graph, the IMEP can be increased, in particular at 2000 and 3000 1/min, with 1-octanol compared to diesel by almost 10%. At these engine speeds, the FSN (shown in the right graph in the first row) is the limiting factor for IMEP. Obviously, the oxygen atom in 1-octanol either suppresses soot formation to a certain extent or improves post-oxidisation of soot, allowing for higher IMEP at even a lower total AFR (see the lower right graph in Figure 8 ). Because the ignition delay at these high engine loads was rather similar for both diesel and 1-octanol, the soot reduction effect in this load regime could be attributed to the molecular fuel structure and the molecular oxygen content of 1-octanol. At the highest engine speed of 4000 1/min, the exhaust gas temperature became the limiting factor for both tested fuels, as opposed to the FSN. The increase in load with 1-octanol was not as significant as for 2000 and 3000 1/min, but at a similar AFR, the reduction in FSN was enormous compared to diesel. Due to the under-stoichiometric AFR at 1000 1/min, CO emissions were high for both diesel and 1-octanol. However, as a result of the high temperatures, the HC emissions could be neglected and are not depicted in Figure 8 . Contrary to part-load operation, at full-load combustion, noise is typically not the dominant noise source. Because the maximum cylinder pressure was limited and the deviations in ignition delay at high-load conditions were rather small for 1-octanol and diesel, the combustion noise emissions were similar. Considering that the rates of heat release were rather similar, there are no significant differences to be recognised regarding the indicated efficiency. Depending on the engine speed, the difference between diesel and 1-octanol was below 2%. This is close to a measurement error.
Conclusion
Three advanced biofuels have been used to exemplify the opportunities of fuel design, that is, the idea of tailoring the properties of a fuel's molecular structure to the specific needs of future combustion systems.
Engine testing in a SI single-cylinder engine was conducted with both pure 2-methylfuran and 2-butanone, demonstrating considerably lower oil dilution compared to ethanol at the catalyst heat point. Moreover, dramatically lower particle emissions were measured for all biofuels compared to standard gasoline. 2-Methylfuran facilitates an improvement in efficiency at full-load operation by 18% compared to RON95 gasoline. The higher octane rating of 2-butanone allows for an even higher efficiency gain. Conclusively, 2-methylfuran and 2-butanone serve as prototypes of tailormade biofuels, offering superior performance over today's gasoline and bio-ethanol.
For CI engines, 1-octanol shows promising results in terms of the soot/NO X trade-off over almost the entire engine load range. Even at high part load, PM emissions are reduced by 90% at the EU-6 NO X level compared to EN590 diesel fuel. However, at full-load conditions, when approaching an overall equivalence ratio close to 1, the benefit of the molecular oxygen is not as distinct as at part-load operation. However, at rated power, the PM emissions with 1-octanol are only approximately one-third those with the reference EN590 diesel fuel.
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